We spectroscopically investigate the hyperfine, rotational and Zeeman structure of the vibrational levels v = 0, 7, 13 within the electronically excited c 3 Σ + g state of 87 Rb 2 for magnetic fields of up to 1000 G. As spectroscopic methods we use short-range photoassociation of ultracold Rb atoms as well as photoexcitation of ultracold molecules which have been previously prepared in several well-defined quantum states of the a 3 Σ + u potential. As a byproduct, we present optical two-photon transfer of weakly bound Feshbach molecules into a 3 Σ + u , v = 0 levels featuring different nuclear spin quantum numbers. A simple model reproduces well the molecular level structures of the c 3 Σ + g vibrational states and provides a consistent assignment of the measured resonance lines. Furthermore, the model can be used to predict the relative transition strengths of the lines. From fits to the data we extract for each vibrational level the rotational constant, the effective spin-spin interaction constant, as well as the Fermi contact parameter and (for the first time) the anisotropic hyperfine constant. In an alternative approach, we perform coupled-channel calculations where we fit the relevant potential energy curves, spin-orbit interactions and hyperfine functions. The calculations reproduce the measured hyperfine level term frequencies with an average uncertainty of ±9 MHz, similar as for the simple model. From these fits we obtain a section of the potential energy curve for the c 3 Σ + g state which can be used for predicting the level structure for the vibrational manifold v = 0 to 13 of this electronic state.
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I. INTRODUCTION
In recent years there has been a renewed interest in spectroscopy of alkali dimers, partially driven by the prospects for experiments with ultracold molecules [1] [2] [3] [4] . For such experiments, detailed knowledge of the molecular hyperfine structure is crucial, especially when molecules are required to be in precisely defined quantum states. For the preparation of such molecules in the singlet and triplet ground state often excited electronic states are involved as e.g. in photoassociation [5] [6] [7] [8] [9] or in stimulated Raman adiabatic passage transfer (STIRAP) of Feshbach molecules [10] [11] [12] [13] [14] [15] [16] . Here, the rotational and hyperfine structure of the intermediate, electronically excited states can be conveniently used to tailor the quantum numbers of the desired ground state molecules (see e.g. [17] ). While deeply bound X 1 Σ + g molecules are quite generally formed with the help of the A 1 Σ + u state (e.g. [10] [11] [12] ), a 3 Σ + u molecules are in general produced via the c 3 Σ + g state (e.g. [15, 18] ) which is the energetically lowest excited state with g-symmetry.
In this article, we experimentally investigate the hyperfine structure of the vibrational levels v = 0, 7, 13 of the c 3 Σ + g state of 87 Rb 2 , extending our previous work on deeply bound levels [19] . This is complemented by recent work of Tsai et al. [20] who investigated the hyperfine structure of the weakly bound levels of c 3 Σ + g , 1 g . One important result is a partial change of our previous assignment of the spectra of measured transition lines towards c 3 Σ + g , resolving an inconsistency that was already mentioned in [19] in connection with their Fig. 7 . In contrast to the assumption in Ref. [19] that in the applied spectroscopy only final levels with a total nuclear spin of I = 3 can be observed we now additionally identify final levels with I = 1. The precision and resolution of our data has considerably improved, and we can describe the data well with a model Hamiltonian from which we obtain for the first time also anisotropic hyperfine parameters c for the state c 3 Σ + g . This parameter turns out to be much larger than theoretically expected [21] . We experimentally determine the molecular parameters for the vibrational levels v = 0, 7, 13 and observe how they change with v . A comparison of calculated relative transition strengths to those of the corresponding observations shows very good agreement and proofs the consistent description of the hyperfine structure within the model.
The present work is a compilation of measurements that we have taken over the last three years. These measurements were carried out on two different 87 Rb cold atom set-ups [17, 22] and using two different spectroscopic methods. Method 1 is short-range photoassociation where we expose an optically trapped gas of Rb atoms at a temperature of about 1 µK to a tunable narrow-linewidth photoassociation laser and measure the atomic losses after a given interaction time. In Method 2 a tunable narrow-linewidth laser photoexcites 87 Rb 2 molecules in well defined quantum states (either Feshbach molecules or a 3 Σ + u , v = 0 triplet molecules) to the c 3 Σ + g state and inflicts losses which are then measured for a given interaction time.
This article is organized as follows. In section II we give an overview of the used spectroscopic methods followed by a discussion of the obtained spectroscopic data in section III. Then, in section IV, our simple theoretical model to analyze the measurements is described and the extracted results are discussed. Finally, section V is dedicated to a presentation of full coupled-channel calculations of the c 3 Σ + g state imbedded in 1 Σ + g , 1 Π g and 3 Π g all correlating to the pair asymptote 5s + 5p. The paper closes with the conclusion. 
II. SPECTROSCOPIC METHODS
We start by introducing the two spectroscopic methods, photoassociation and photoexcitation, with which we investigate the substructure of the vibrational levels v = 0, 7, 13 of the c 3 Σ + g state (see Fig. 1 ). This vibrational interval gives enough energy spread to test the modeling of hyperfine interaction.
A. Short-range photoassociation spectroscopy
In order to carry out photoassociation spectroscopy we prepare a cold gas of about 2 × 10 6 87 Rb atoms in the electronic ground state at a temperature of about 1 µK. The atoms are spin-polarized with total angular momentum f a = 1, m f a = −1. They are held in a crossed optical dipole trap with a laser wavelength of 1064 nm and trap frequencies of ω x,y,z = 2π × (23, 170, 179) Hz in the three spatial directions, resulting in a density of about 3 × 10 13 cm −3 . The atoms are exposed for a duration of 3 s to the radiation of a grating-stabilized cw diode laser with a short-term linewidth of ≈ 100 kHz. The laser is frequency-stabilized to a wavemeter (High Finesse WS7) and can be tuned over a range of 1003 − 1075 nm. The laser resonantly photoassociates colliding atom pairs to form c 3 Σ + g molecules. This induces losses in the atom number which we measure via absorption imaging. The pho- toassociation beam is linearly polarized with an angle of 45 • with respect to the magnetic field axis and drives σ ± and π-transitions with almost equal strength. At the location of the atomic sample the laser beam has a power of ≈ 30 mW and a radius (1/e 2 ) of 0.28 mm. For details on the cold atom apparatus see Ref. [22] . Figure 2a) shows a typical photoassociation signal at a magnetic field B of about 5 G. As the frequency of the photoassociation laser is scanned the remaining fraction of atoms N/N 0 is recorded. We note that throughout this publication, we do not report the measured transition frequencies but rather the term frequencies (ν), i.e. the term energies divided by h. As reference for zero term frequency we choose the atomic dissociation limit at 0 G for the atomic pair state ( f a = 1, m f a = +1) + ( f b = 1, m f b = +1) of the 5S 1/2 + 5S 1/2 asymptote (see Fig. 1 ).
For the whole spectrum in Fig. 2a ), the laser intensity and pulse duration are kept constant. The data show resonance lines of hyperfine levels of the state c 3 Σ + g , 0 − g , v = 13, J = 2. Here J represents the quantum number of the total angular momentum J = L + S + R , where L is the total electronic orbital angular momentum, S is the total electron spin and R is the rotational angular momentum of the atom pair. We observe resonance linewidths of about 15 MHz, close to the natural linewidth of about 12 MHz, simply estimated as two times the width of the atomic 5s − 5p transition. The remarkable smoothness of the curve is due to small shot-to-shot fluctuations of the atom numbers of the prepared cloud of less than ±2%. In addition, the signals are surprisingly strong considering that we are performing short-range photoassociation where Franck-Condon factors are generally not very favorable. The hyperfine splitting of the lines will be investigated in more detail in the sections III and IV.
B. Photoexcitation spectroscopy
For photoexcitation spectroscopy we prepare a pure cloud of ultracold Rb 2 molecules such that all molecules are in the same pre-defined quantum state within the a 3 Σ + u potential. The molecules are irradiated for a duration of a few milliseconds by a cw grating-stabilized diode laser which resonantly excites them to c 3 Σ + g levels, leading to molecular loss. We measure the remaining number of molecules by first dissociating them into ultracold atom pairs and then measuring the corresponding atom number via absorption imaging (for details see [19, 23] ). By scanning the laser frequency from shot to shot, a resonance spectrum is recorded [see Fig.2b ) to d)]. The photoexcitation laser has a short-term linewidth of ≈ 100 kHz. We typically use a rectangular light pulse with a power of up to a few hundred µW at the location of the molecular sample, where the beam waist is about 1.1 mm. The light propagates orthogonally to the direction of the magnetic field which sets the quantization axis. By means of a half-wave plate we can choose the linearly polarized laser light to drive either π-or σ ± -transitions. The molecules are held in a 3D optical lattice of laser wavelength 1064 nm with at most one molecule per lattice site (see [15, 17, 24] for details). We either work with Feshbach molecules or with molecules in the vibrational ground state (v = 0) of the a 3 Σ + u state, cf. Fig. 1 . The level positions of all used initial states are precisely known ( [25] and Tab. I, see also Fig. 3 ). The cloud of Feshbach molecules typically consists of 3×10 4 particles and is produced from ultracold atoms ( f a = 1, m f a = +1) via a sweep over a magnetic Feshbach resonance at 1007.4 G [15, 17, 24] . We ramp the B-field to 999.9 G before photoexcitation of the Feshbach molecules.
The v = 0 molecules are produced from the Feshbach dimers using stimulated Raman adiabatic passage (STIRAP), a coherent two-photon transfer process. In our set-up we achieve a transfer efficiency of about 80% (for details see [15, 17] ). By tuning the difference frequency of the STI-RAP lasers, as well as by choosing an appropriate intermediate state we can precisely control which molecular level in the v = 0 manifold is prepared. Within a few MHz we always find agreement with measured bound state energies listed in Ref. [25] and with close-coupled channel calculations, respectively. Figure 3 shows such calculations as a function of the magnetic field.
Specifically, for our experiments we work with four dif- ferent a 3 Σ + u , v = 0 levels which, at 0 G, are characterized by the quantum numbers given in Tab. I. The central column 'acronym' of the table gives a short-hand notation for these four levels. R denotes molecular rotation, I is the total nuclear spin, f is the total angular momentum without rotation (i.e. f = I + S + L), and F is the total angular momentum ( F = f + R). The magnetic quantum number is in general m F = 2, except for |a, F = 4 . During the preparation of this state, i.e. when the B-field is ramped down from 999.9 to ∼ 5 G an optical Raman transition flips the m F quantum number from 2 to 4. The Raman transition is driven by the laser beams used to generate the three standing light waves for the cubic 3D optical lattice. These three standing light waves have mutually orthogonal, linear polarizations and pairwise relative frequency detunings of 220 MHz, 190 MHz and 30 MHz, respectively.
Typical recordings for different initial states are shown in Fig. 2b)-d) , where the fraction of remaining particles N/N 0 is plotted versus the frequency ν of the spectroscopy laser. When starting from molecules the resonance lines are generally measured individually, i.e. for each line the intensity and pulse duration of the spectroscopy laser light are adjusted such that a good signal-to-noise ratio is reached. Consequently, within a single spectrum, different laser intensities and exposure times are used.
In order to simulate the spectra we take into account that the lineshape of a photoexcitation line is determined by the exponential loss of the molecules
with N and N 0 being the remaining and initial particle numbers, respectively. t is the time of laser exposure and γ(ν, ν 0,i ) is the loss rate for a given laser frequency ν and excited level i with resonance frequency ν 0,i . Since in our experiment we work in a regime, where the transition lines are in general not saturated, the loss rate is expressed by the Lorentzian
The natural decay rate of the excited state Γ is expected to be approximately twice the rate of single rubidium atoms, Γ ≈ 2 × (2π × 6 MHz). The Rabi frequencyΩ is used as a free parameter. As shown in Fig. 2 the measurements are well described by the corresponding lineshape fits. We use such fits only to determine the resonance frequencies ν 0,i .
The measurements of Fig. 2a )-c) investigate the same hyperfine levels of the c 3 Σ + g , v = 13, 0 − g , J = 2 state at a B-field of a few gauss. For different initial states different excited levels can be observed, due to selection rules. By choosing the polarization of the laser, π-or σ -transitions are driven. Within the spectroscopic resolution of a few MHz in our experiments the transition lines towards the same excited levels are found on top of each other. This is an important consistency check for the spectroscopy and also shows that the term energies of the initial molecular states are precisely known. Figure 2d ) shows the spectrum in the same term-energy range at a B-field of 999.9 G observed by photoexcitation of Feshbach molecules. Clearly, the Zeeman effect has split and shifted the lines as compared to the case at low B-field. In fact, some of the lines are shifted outside the shown frequency window. Thus Fig. 2d does not cover all observable J = 2 levels.
C. Spectroscopic calibration and uncertainty
In our experiments we use two High Finesse WS7 wavemeters to measure the laser frequencies. In intervals of minutes these wavemeters are repeatedly calibrated to an atomic 87 Rb reference signal at a wavelength of 780 nm. Both instruments have a specified absolute accuracy of 60 MHz. However, for difference frequency determinations within several 100 MHz the accuracy is on the MHz level. Furthermore, we checked that over a period of several months the frequency readings for molecular transitions are reproducible for each wavemeter within ±10 MHz. Nevertheless, despite the calibration with Rb, we observed a relative frequency offset between the two wavemeters of 48 MHz when measuring wavelengths at around 1040 nm, i.e. in the range relevant for the present work. Therefore, in order to be able to work with the measured frequencies without ambiguity we have arbitrarily chosen one of the two wavemeters to be the reference and thus correct the reading of the other wavemeter correspondingly.
Our spectroscopy lasers are frequency-stabilized to the wavemeters, with an update rate of about 10 Hz. In total, we obtain a frequency stability of ±4 MHz, mainly determined by shot-to-shot readout fluctuations of the wavemeters and a smaller contribution of laser frequency drifts between updates.
As noted earlier in section II A, the term frequencies (ν) that we report in this publication are referenced with respect to the atomic dissociation limit at 0 G for the atomic pair state
This reference is 8.543 GHz below the 5S 1/2 + 5S 1/2 threshold for which hyperfine interaction is ignored. For completeness, we note that the Feshbach state at a magnetic field of 999.9 G is located at −1.748 GHz (see inset of Fig. 1 ). The lowest level in the a 3 Σ + u vibrational ground state (R = 0, F = 2, m F = 2) at B = 0 G has a frequency of −7 037.587 GHz.
III. SPECTROSCOPIC DATA
A. Spectroscopy at 999.9 G We start our investigation by revisiting the v = 13 vibrational level of the c 3 Σ + g state, which already has been studied in our previous work by Takekoshi et al. [19] . Since in Ref. [19] an inconsistency between the experiment and the theoretical model was noted we repeat and extend the measurements in order to answer the remaining questions. Figure 4 (upper spectrum) shows the new data for the 1 g state obtained from one-photon spectroscopy with π-polarized light, starting with Feshbach (FB) molecules at a magnetic field of B = 999.9 G. The relative frequency positions of the lines are determined with an improved uncertainty of about 5 MHz. All observed resonance positions are listed in Tab.VIII of the Supplemental Material (see also tables VI and VII for the results on v = 0 and v = 7, respectively). Apart from a global frequency shift of about 80 MHz (due to the fact that a different wavemeter was used) the observed spectrum of Fig. 4 is very similar to the one of our previous work [19] . Compared to the analysis in [19] we change the assignment of several lines. These lines (in particular the one at about 294.6305 THz which could not be explained in Ref. [19] ) do not correspond to a total nuclear spin I = 3 but rather to I = 1. In order to show this, we repeat the spectroscopic measurements for these excited levels, however, starting now from a I = 1 level. Specifically, this level belongs to the vibrational ground state of the a 3 Σ + u potential and its properties are known from accurate close-coupled channel calculations [25] . It has the quantum numbers |I = 1, f = 0, R = F = 2, m F = 2 ≡ |a, I = 1 6 2 4 6 2 4 . 5 6 2 5 6 2 5 . 5 6 2 6 6 2 6 . 5 6 2 7 6 2 7 . 5 6 2 8 6 2 8 . 5 6 2 9 6 2 9 . 5 6 3 0 6 3 0 . 5 6 3 1 6 3 1 . 5 6 3 2 6 3 2 . 5 6 3 3 6 3 3 . 5 6 3 4 and its position is marked in Fig. 3 . It is experimentally prepared via STIRAP using the c 3 Σ + g , v = 13, I = 1 level at ν = 294 630.484 GHz as intermediate level. This, as a byproduct demonstrates that a 3 Σ + u , v = 0 molecular states with different nuclear spins can be prepared via STIRAP by choosing appropriate intermediate states (The preparation of I = 3 levels has been shown e.g. in [15, 17] .).
We now use |a, I = 1 as a starting level to perform spectroscopy on the v = 13 manifold. For this we scan over parts of the frequency range shown in Fig. 4 and observe three I = 1 levels but no I = 3 levels [see Fig. 4 (lower spectrum)]. These three levels have also been observed in the scan with Feshbach molecules. The fact that we can observe both I = 1 and I = 3 levels starting from Feshbach molecules indicates that the Feshbach state is a mixture of nuclear spins I = 1, 3. Indeed, this is confirmed by our close-coupled channel calculations [25] which yield that the Feshbach state at 999.9 G has a a 3 Σ + u component of 84% and a X 1 Σ + g component of 16%. The a 3 Σ + u component is a mix of I = 1, 3 while the X 1 Σ + g component of the Feshbach molecules has I = 2. In total, the contribution of I = 1 to the Feshbach state is about 22%, which is sizable. The thin vertical lines in Fig. 4 are calculations for all levels of c 3 Σ + g , v = 13, 1 g with m F = 2 in the given frequency range, based on our model which will be introduced in section IV. Clearly, the observed lines are a subset of the calculated levels. We have verified that we detect all predicted levels for which a π-transition is allowed by the selection rules. Those levels in Fig. 4 which are not observed are only visible when using σ -polarized light, or they correspond to energy levels with total angular momentum quantum number F > 4. These levels cannot be addressed following the selection rule ∆F = 0, ±1 (which, however, only strictly holds at B = 0). Around the measured resonance frequency of 294.633012 THz two I = 1 energy levels are actually predicted, but they cannot be resolved. To summarize, we now find consistent agreement between theory and experiment.
B. Spectroscopy at low magnetic fields
Next, we carry out spectroscopy of the c 3 Σ + g , v = 13, 1 g manifold at low magnetic fields B of just a few G. In our previous work of Ref. [19] , such measurements were difficult and only produced poor spectroscopic signals with large uncertainties. These measurements were carried out with Feshbach molecules for which the ramp-down of the B-field is passing over a number of avoided level crossings. This led to instabilities and low particle numbers. In the present work, we overcome this problem by either using short range photoassociation spectroscopy or by working with Rb 2 molecules in the vibrational ground state for which avoided level crossings are rare cases (see Fig. 3 ).
The method of photoassociation (PA) spectroscopy has already been discussed in section II A. Figure 5a (lower spectrum) shows the derived term frequencies from the observed transitions together with calculated level positions. The spectroscopy is carried out with linearly polarized light which can equally drive π-and σ -transitions. Again, the agreement between the data and the model calculations is quite good since all observed levels can be assigned. Unobserved levels are not accessible due to selection rules, such as ∆F = 0, ±1 which holds strictly because of the low B-field.
In order to check for consistency, we now apply the second method, where we start at B = 999.9 G with Rb 2 molecules in the vibrational ground state either in level |a, R = 0 or |a, R = 2 . The magnetic field is ramped down to the desired value and one-photon spectroscopy towards c 3 Σ + g is performed. Since avoided crossings are absent in Fig. 3 one might expect a fully-adiabatic transfer. However, for the particular case of |a, R = 2 we find that a two-photon induced spin flip which is driven by the lattice lasers changes the state |a, R = 2 to |a, F = 4 during the ramp down, see also [17] . The term frequencies of the initially prepared states |a, R = 0 and |a, F = 4 for the magnetic field of 5 G are determined from close-coupled channel calculations for the a 3 Σ + u and X 1 Σ + g states [25] , see Tab. I. Using the initial state |a, R = 0 and starting from low laser frequencies we record a spectrum for v = 13, 1 g until four transition lines are observed. The four corresponding levels are shown in Fig. 5a (upper spectrum). We use either π-or σ -polarized light, as indicated by the blue and red plot symbols. Indeed, according to the selection rules the four transition lines correspond to the energetically lowest four accessible levels of v = 13. The resonance positions nicely confirm both the results obtained from the photoassociation of atoms and the calculated binding energies of the levels at B = 5 G.
Next we measure the spectra for the v = 13, 0 − g manifold, using photoassociation and photoexcitation. For photoexcita- tion we start either from the state |a, R = 0 or from the state |a, F = 4 . The spectra (see Fig. 5b ) are consistent with each other and also consistent with the calculations. For 0 − g the J quantum number is quite good and therefore both the photoassociation and the photoexcitation from |a, R = 0 can only reach J = 0, 2, because the starting levels have J ≈ 1 and their total parity is even. By contrast, from |a, F = 4 we can reach J = 4. We have verified that the transition lines indicated in red in Fig. 5b can only be observed with σ -polarized light.
Additionally to v = 13, we have also measured the spectra for v = 0 and 7 which look alike and give similar results. All derived term frequencies are provided in tables VI to VIII of the Supplemental Material.
C. Spectroscopy at intermediate magnetic fields
For some selected levels within the c 3 Σ + g potential we studied the Zeeman shift in more detail, i.e. besides the term energies at B = 999.9 G and at B ≈ 5 G we also carried out measurements for various magnetic field strengths in between. For this, we first produce molecules at B = 999.9G. Subsequently, the magnetic field is lowered to the desired value. Figure 6 shows the results for the case of v = 0. Three levels were investigated: one level of state 1 g with quantum numbers I = 3, J ≈ 1, F = 2 and two levels of state 0 − g with J = 0 and I = 3, 1, respectively.
For the I = 1 state no measurements below 500 G could be carried out because at such magnetic fields strong particle losses occurred. Possibly, these losses are due to photoexcitation of the molecules by the optical lattice lasers.
The data of Fig. 6 are obtained by adding the term energies of the initially prepared states to the measured transition energies. The term energies of the initially prepared states for magnetic fields below 999.9 G are calculated using closecoupled channel calculations for the a 3 Σ + u and X 1 Σ + g states [25] . The levels and magnetic fields that were used for the spectroscopy are marked with square plot symbols in Fig. 3 . Figure 6 shows that all experimentally determined Zeeman shifts of the c 3 Σ + g , v = 0 level are well described by our effective Hamiltonian model of the following section IV.
IV. MODEL CALCULATIONS A. Effective Hamiltonian
In order to interpret and analyze the measured c 3 Σ + g spectra we use a simple molecule model which has been described in more detail in Ref. [26] (see also [19] ). Within the model the molecule is treated as a rigid rotor where two separate neutral atoms are held at a fixed distance and rotate about their common center-of-mass. Each atom has a well defined electronic orbital momentum, i.e. for the c 3 Σ + g state one has an s-orbital and the other one has a p-orbital. Given a vibrational level v of the real molecule, the model parameters are adjusted such that the model describes well the level structure of the c 3 Σ + g molecule within the particular manifold of that vibrational level. Specifically, we obtain three sets of model parameters for the vibrational quantum numbers v = 0, 7 and 13 studied. The Hamiltonian is given by It acts on a Hilbert subspace where the total electronic spin is S = 1 and the projection of the total orbital angular momentum L onto the internuclear axis is Λ = 0 which corresponds to a Σ state. The first term, E v 0 , of the Hamiltonian H is the energy offset for the vibrational level v . The term
2 is an effective spin-spin interaction that gives rise to the splitting of the 0 − g and 1 g components. Here, n is the unit vector along the internuclear axis of the diatomic molecule, S is the total electronic spin vector and λ v denotes the effective spin-spin interaction parameter for the given vibrational level v . The term H rot = B v R 2 /h 2 represents the rotational energy of the molecule. R is the rotational angular momentum and B v is the rotational constant. The hyperfine interaction, i.e. the coupling between the total nuclear spin I and the total electronic spin S is described by
where b F is the Fermi contact parameter and c is the anisotropic hyperfine parameter. Following Ref. [19] we split H hf = H diag hf + H off hf into a diagonal and an off-diagonal term with respect to both operators I · n and S · n. Specifically, we de-
· B/h is the Zeeman interaction with the magnetic field B. Here, µ B is the Bohr magneton and g S = 2, g L = 1 are the g-factors of the electronic spin and orbital angular momentum, respectively. We neglect Zeeman interaction of the nuclear spins or of molecular rotation. Furthermore we omit spin-rotation interaction, since it will be very small for the low rotational angular momenta involved in this work. Figure 7 illustrates the effect of the interactions H ss , H rot and H hf on the level structure. Their coupling constants λ v , B v , c diag and c off are subsequently turned on as we move from left to right in Fig. 7 .
g . In contrast, the 0 − g levels generally split under the influence of the off-diagonal hyperfine interaction c off . We use these facts to extract the parameter c off from our measured spectra with low uncertainty. Similarly, the J = 1 level of 1 g is susceptible for c diag but hardly for c off . Figure 7 also indicates that for state 1 g the rotational energy at low J is comparable to the hyperfine energy. Thus J will be in this case no good quantum number, which can also be seen from the respective expectation values included in the tables VI-VIII of all experimental data in the Supplemental Material.
B. Results for molecular parameters
We determine the model parameters E v 0 , λ v , B v , c diag and c off by diagonalizing the Hamiltonian of Eq. (3) and fitting the resulting energy spectrum to the measurements. For each of the three vibrational levels v = 0, 7, and 13 we obtain a set of fit parameters given in Tab. II with their respective uncertainties. In general, the overall agreement between the measurements and the model calculations is quite good as can be seen from the root mean square errors and by the comparisons of the hyperfine level energies given in tables VI-VIII of the Supplemental Material (see also Figs. 4 and 5 and discussion in section III).
As expected, the rotational constant B v decreases with v . In contrast to that, the effective spin-spin interaction parameter λ v increases with v , because the mainly perturbing state 1 Π g is energetically above c 3 Σ + g as will be discussed in section V. This shifts the 1 g component of c 3 Σ + g below the 0 − g component and its influence increases for higher v coming closer to 1 Π g . For the vibrational level v = 13 we can compare our results to the ones from [19] . The value for the parameter 2λ v reported in [19] is about 4GHz larger as compared to our results. No error limits were reported in [19] . We find good agreement with the rotational constant B v = 412 MHz × h of [19] and fair agreement for c diag which is reported as 832 MHz × h in [19] . Our current value for c diag is table II ). The parameter c off (and therefore also c), however, could not be determined in [19] because the quality of the data, especially for the 0 − g spectrum, was not sufficient. In our current work we are able to extract c off from our measurements and we can therefore report the anisotropic hyperfine parameter c for the first time. Its value of c = 122 ± 16 MHz × h (for v = 13) is much smaller than b F but still sizable. Judging from table II, c and b F do not seem to depend significantly on the vibrational quantum number.
We now compare our results for c and b F to the recent theoretical work of Lysebo et al. [21] . For the relevant internuclear distances the value of b F was calculated to vary between 850 and 810 MHz × h, which agrees with the rule-of-thumb estimate of b F ≈ A HF /4 [26, 27] , where A HF ≈ 3.42 GHz × h is the atomic hyperfine constant for 87 Rb in the electronic ground state [28] . These theoretical predictions for b F are not too far from our values of b F ≈ 720 MHz × h in table II. However, c is predicted to be less than 10 MHz × h in [21] , which is in clear disagreement with our measurements. In general, the uncertainties of our fit parameters are quite low (see table  II ) which indicates that our simple model is a good description for the molecular level structure within a vibrational level. In order to check for consistency of the analysis we carry out fits individually for high (999.9 G) and low (5 G) magnetic fields, and for the combined data of both magnetic fields. Table III shows the obtained parameter sets for v = 13. The root mean square error for the combined fit is significantly larger than for the separated fits. This is probably related to the fact that the derived hyperfine parameters are slightly outside the estimated error limits between the low and high field fits. A possible reason is that the Zeeman effect is not modeled sufficiently well by only applying the g-factor of a free electron spin. Extension for bound electrons with spin-orbit interaction or adding rotational and nuclear Zeeman effect might be appropriate. But for a final conclusion one would need more data on the Zeeman effect.
C. Relative line strengths
We now investigate whether we can use our model to also describe the relative strengths and widths of the resonance lines in the observed data. For this, we consider the measured photoassociation spectra of the 1 g and 0 − g manifolds of c 3 Σ + g , v = 13 shown in Fig. 8 . These data scans were taken for a constant laser intensity and pulse length and thus the shapes of the lines can be directly compared to each other. Photoassociation loss is governed by the differential equationṅ = −n 2 γ, where n is the atomic density. γ is the rate coefficient which is a function of the laser intensity I L , the laser detuning (ν −ν 0,i ) from each line i, and the dipole matrix elements |M i | 2 ,
where we use the fact that no saturation effects are present. In Eq. (4),q is an appropriate proportionality constant which we use as a free fit parameter. For the linewidth Γ we assume Γ = 2π × 12 MHz. Our model can be applied to calculate relative values of the dipole matrix elements |M i | 2 between all excited levels and the initial level depending only on the angular momenta. A Franck-Condon factor which would take into account the overlap of the wave functions of the atomic scattering state and of the excited molecular bound state would be only needed for comparing the transition strengths towards different vibrational levels. In the following, we consider the Franck-Condon factor to be included in the constantq. In order to calculate |M i | 2 we express the scattering state wave function as the symmetrized product wave function of two individual ground state atoms which collide in a s-wave. One of the atoms undergoes an electrical dipole transition, such that the s-orbital of the valence electron becomes a p-orbital. For driving the transitions we have approximately equal amounts of π-and σ -polarized light. Indeed, when we fit our model to the spectra for an equal mix of polarizations we obtain quite good agreement, see Fig. 8 . The only fit parameter for this description is the common constantq which scales the absolute depths and effective widths of the lines. The good agreement between data and fit highlights again the validity of the simple model.
V. COUPLED-CHANNEL CALCULATIONS
So far, we used an isolated electronic state c 3 Σ + g for our analysis and introduced effective parameters for the different interactions like the spin-spin and hyperfine interaction. Now we extend our view by taking neighboring electronic states into account. This will help us to interpret the derived parameters and the underlying coupling to other states. The relevant molecular states correlate to the atomic pair asymptote 5s 2 S + 5p 2 P and contain sets of electronic u/g-symmetry of 1 Σ + , 3 Σ + , 1 Π and 3 Π. The main coupling between these states is the spin-orbit interaction which gives rise to a splitting of about 237.5 cm −1 for the atomic states 2 P 1/2 and 2 P 3/2 . Because we want to describe level spectra with an accuracy on the order of 0.001 cm −1 this coupling is still relevant even if electronic states are separated by several 1000 cm −1 . The rotational coupling of electronic states with the selection rule ∆Ω = ±1 is automatically included in the Hamiltonian as given below in Eq. (5). Here, the quantum number Ω denotes the projection of J on the internuclear axis. However, the rotational coupling is of minor importance in our case, as our new data set only contains low rotational levels. Hyperfine coupling breaks the electronic symmetry u/g, but in a first step we restrict the model to the g-symmetry. In the final calculation we verify that the influence of the neglected states with u-symmetry is rather small. The Hamiltonian for the coupled system for an atom pair a( 2 S) + b( 2 P) is
where T n is the kinetic energy of radial motion and rotation of the pair. U i (r) denotes the potential energy of the molecular state i and P i is the projection operator onto this state. We sum over all states under consideration. The second and third line give the spin-orbit and hyperfine interactions for atoms a and b, respectively. These are diagonal in the atom pair basis, conventionally called Hund's case (e), whereas the potential part is diagonal in the Hund's case (a) or (b) basis, specifying the molecular state by the quantum numbers 2S+1 Λ. For setting up the potential curves of the molecular states we use spectroscopic data from the following references. The state 1 Σ + g was studied by Amiot and Verges [29, 30] , 1 Π g by Amiot [29, 31] and 3 Π g by Bellos et al. [9] . Data for 3 Σ + g are known from our present work for deeply bound levels and from the work of Tsai et al. [20] for weakly bound levels. The latter ones were not incorporated in the present analysis, because the energy gap between our data and the data of Ref. [20] is too large. A potential construction would then contain much ambiguity, as was also noted in [20] . Figure 9 shows an overview of the potential scheme. We construct from the spectroscopic work [29] a data set for 1 Σ + g and 1 Π g which is used in a coupled-channel fit together with our data for c 3 Σ + g . In Fig. 9 one finds also the potential form of the high lying state 3 Π g , which we derived in a separate analysis to represent approximately spectroscopic observations of [9] . However, we note that a 3 Π g potential curve of high precision is not needed for obtaining reliable results for the low lying levels of c 3 Σ + g far away from 3 Π g . Besides the potential energy curves, Fig. 9 also shows the constructed, r-dependent spin-orbit interaction which, in general, is different for each molecular state coupling (dashed lines). In the limit r → ∞, however, it has to converge to the respective atomic value. In the Hamiltonian of Eq. (5), spin-orbit coupling is dominated by the part belonging to atom
Here C mol,b is the spin-orbit coupling parameter, which for r → ∞ reaches the atomic value of C atom,b = 158.3989389 cm −1 × hc. The main contribution to the spin-orbit splitting of c 3 Σ + g comes from the states 1 Π g and 3 Π g in terms of three spin-orbit functions: a diagonal one for 3 Π g and two non-diagonal ones for the couplings of c 3 Σ + g to 3 Π g and to 1 Π g . In addition, we consider the spin-orbit coupling of 3 Π g and 1 Σ + g , which, however, influences the levels of c 3 Σ + g only indirectly and weakly. For the spin-orbit coupling we choose the same functional form as used in [32] for the study of the molecular states of usymmetry in Rb 2 . This simplifies the later addition of all u-states for checking the u/g-coupling by the hyperfine interaction. The effective spin-orbit splitting of 3 Π g around the potential minimum is only about 58 cm −1 (see Fig. 9 ), as derived from the spectra in [9] .
We cannot treat the Zeeman effect in our existing coupledchannel code. The number of channels in the model would become too large because the total angular momentum is no longer a good quantum number. Therefore, we only use the measurements with low magnetic field (5 G) for the analysis. The experimental data show that the Zeeman shift at low field is smaller than 2 MHz/G. In particular, for the component 0 − g it will be even significantly smaller. Thus, in the worst case we introduce a systematic error of less than 10 MHz which is acceptable for our purposes.
In a first step towards the goal of determining the parameters of the coupled-channel Hamiltonian we approximately remove the hyperfine structure from our data, since the spectroscopic data of the other references do not resolve hyperfine structure. For removing the hyperfine energy we carry out two coupled-channel calculations using the best potentials known at this step. In the first calculation we set the hyperfine interaction to zero and in the second one to the atomic value. The differences of the level positions of these two calculations are the hyperfine splittings. After assigning the observed transitions to the hyperfine levels we subtract their hyperfine shift from the measured transition lines.
We fit the potential curves for c 3 Σ + g , 1 Π g and 1 Σ + g , and the spin-orbit interaction to the complete data set which exhibits uncertainties between a few to 300 MHz. The fit results to a normalized standard deviation of σ = 0.8 which is quite satisfactory for data with this wide spread of uncertainties. Further information on the representations of the potentials are given in part B of the Supplemental Material, where the respective parameters are listed in Tabs. IX-XII.
With these results we perform a second fit which now includes hyperfine interaction, e.g. H h f s,a/b = a mol a/b i a/b · j a/b , where i a/b and j a/b are the nuclear spin and the total electronic angular momentum of atom a and atom b, respectively. For this fit, we use our primary data with hyperfine structure. The hyperfine parameter a mol a/b for each atom within the molecule is a function of nuclear separation r. It is approximated by
and for r → ∞ goes over to the respective atomic value a atom a/b [33, 34] . The expression in parentheses is a correction function in order to take into account the changes of the electron distribution due to molecular binding. q a/b indicates the fraction by how much the molecular hyperfine splitting deviates from the atomic value. The denominator can be viewed as a switching function around the position r h f s with a width of ∆r. q a/b is varied in the fit while the other parameters are arbitrarily set to r h f s = 20 a 0 and ∆r = 2.5 a 0 for a reasonably smooth change from the atom pair case at large r to the molecular case around the minimum of the c 3 Σ + g potential. Here, a 0 denotes the Bohr radius.
Afterwards, several iteration loops are performed for the c 3 Σ + g potential curve, each followed by a hyperfine fit. For each loop an improved hyperfine correction of the primary data is obtained. After a few iterations convergence is achieved. All observed levels of c 3 Σ + g are reproduced with an average deviation of ±9 MHz which is close to the experimental uncertainty of a few MHz and also to the fit quality with the simple model in section IV B. Hyperfine splittings are, however, often reproduced better. In order to keep the fits meaningful, we restrict the number of fit parameters in these loops as much as possible. Concretely, we use fit parameters to describe the potential minimum of c 3 Σ + g , its spin-orbit coupling strength to state 1 Π g , and the parameter q a/b for the hyperfine structure [see Eq. (6)]. The other spin-orbit functions are used as adjusted during the first step of the set up of our potential scheme, where hyperfine structure was ignored.
From the model at hand, we find that the splitting of about 40 GHz between 0 − g and 1 g of c 3 Σ + g is due to the spin-orbit coupling to 1 Π g and 3 Π g . The admixture of these states to c 3 Σ + g is around 0.1% and 0.02%, respectively. For atom a (mainly 5s character) the molecular hyperfine coupling is about 15.5% smaller than for the atomic one, i.e. q a = −0.155, which probably originates from the lower spin density at the nucleus for the s-orbital due to chemical bonding. This suppression is of similar magnitude as for the triplet ground state of Rb 2 [25] . For the p-electron with its small hyperfine parameter we derive an increase, q b = +0.36. The fit shows a strong anti-correlation between q a and q b , resulting in large error limits of about 20% for q a and of about 50% for q b . The significant increase in q b could be taken as the counterpart of the decrease in q a , indicating that the chemical bond leads to sp-hybridization.
Finally, we add to the model all molecular states with usymmetry of the asymptote 5s 2 S + 5p 2 P, because the hyperfine interaction breaks u/g-symmetry. For these calculations we use the results on the u-states from [32] and on the hyperfine structure of b 3 Π u from our work [23] . The u/gcoupling leads to an uniform upward shift of the c 3 Σ + g levels by not more than 0.1 MHz, which can be compensated by lowering the uncoupled potential of state c 3 Σ + g by the same amount. Additionally, the hyperfine splitting changes by less than 1 MHz, depending on the specific quantum numbers. The admixture of u-states to the g-states is always less than 0.00001%. Thus, we conclude that this interaction is unimportant at the present level of our investigation.
In order to check for consistency of our two approaches for the data analysis we directly fit our model from section IV to the level energies obtained from the coupled-channel calculations. The fits are performed individually for each vibrational manifold, where we restrict the quantum numbers F ≤ 5 and J ≤ 4. From the fits the model parametersB v ,b F ,c andλ are extracted, where the tilde symbol distinguishes them from the parameters corresponding to the experimental data. The results are given in table IV. The rms deviations of these fits are about 7 MHz for all levels. These deviations as well as the fit uncertainties in table IV indicate fortunately a comparatively small difference between the two approaches, on the order of the experimental uncertainty. This allows for extracting interesting information from the coupled-channel model, e.g. that we can expect the hyperfine coupling constantsb F (b F ) andc (c) to be rather constant over a large vibrational range. As another check that the effective and the coupled-channel model are compatible with each other at the given level of precision, we compare table II with table IV . Indeed, all molecule parameter values for the rotational constantB v (B v ), the effective spin-spin couplingλ (λ ), and for the hyperfine constants b F (b F ) andc (c) agree well within the fit uncertainties.
VI. CONCLUSION
We experimentally investigate the hyperfine structures of the vibrational levels v = 0, 7, 13 of the c 3 Σ + g potential. The data is obtained from photoassociation and photoexcitation spectroscopy at different magnetic fields starting from various precisely-defined initial states. Using a simple model, we unambiguously reproduce the measured transition lines both in frequency position and line strength. The experimental identification of hyperfine levels with nuclear spin quantum number I = 1 by selective state preparation reveals a wrong assignment of some spectroscopic resonances in our previous work [19] . From fits of our model to the data we extract the relevant molecular parameters individually for each observed vibrational level with low uncertainties. In contrast to our former investigation [19] the anisotropic hyperfine constants are also determined.
The fit of potentials and spin-orbit couplings with the help of coupled-channel calculations is a simultaneous representation of all observations and allows for identifying clearly the origin of the spin-spin interaction introduced for the simple model evaluation as spin-orbit interaction with 1 Π g and 3 Π g . Furthermore, we find that the observed hyperfine splitting can be quite well described by using an atomic hyperfine interaction of the s-electron when reducing it by 15.5%. A decrease by about 7% of the hyperfine parameter is reported in [20] for data on weakly bound levels of state 1 g correlated to c 3 Σ + g . The difference between deeply and weakly bound levels could be related to the variation of spin density by the chemical bond. The increase of the hyperfine interaction by the p-electron shows the counterpart resulting from the distorted s-electron.
In general the simple model can reproduce quite well the experimental data as well as the coupled-channel calculations with an accuracy down to several MHz. However, on that level of accuracy systematic deviations between the models start to appear. An extension of the analysis is possible once more measured data on the state c 3 Σ + g are available. The coupledchannel calculations presented here can be used to predict the level energies with a precision of a few tens of MHz for the range between v = 0 to v = 13 and low rotational states J ≤ 4.
VII. SUPPLEMENTAL MATERIAL
A. Spectroscopic data 
with the expansion variable ξ being non-linear in the nuclear separation r, ξ (r) = r − r m r + b r m .
The coefficients a i are the fitting parameters. r m is typically set close to the minimum of the potential and b is adjusted to best describe the asymmetry of the potential function about the minimum. The potential is extrapolated for r < r SR by the short-range part U SR with
where the parameters u 1 and u 2 are determined such that a continuous and differentiable connection at r SR with N s = 6 is assured. The long-range part (r > r LR ), U LR (r) = −C 3 /r 3 −C 6 /r 6 −C 8 /r 8 − ...,
assures the proper long-range behavior towards the atom pair asymptote 5s 2 S + 5p 2 P. Because we describe deeply bound levels, the specific form of the long-range part is not relevant for the present analysis, but it would become important if the data from Tsai et al. [20] were also incorporated. With respect to the ground state asymptote 5s 2 S+5s 2 S, ( f a = 1)+( f b = 1) which was chosen as the energy reference in this work, the excited pair asymptote is located at 12579.235953 cm −1 . Tables IX, X, XI give the results for the states c 3 Σ + g , 1 Π g , 1 Σ + g , respectively.
The energetically high lying excited state 3 Π g has a potential maximum at relatively short internuclear distance (see Fig. 9 ) and thus the analytic form according to Eq. (7) is not well suited for its representation. Instead we apply a cubic spline form with a long-range extension as in Eq. (10) . Table  XII shows the list of pairs of internuclear separations and potential energies, with which the spline potential is constructed. In addition, the long-range parameters C 3 ,C 6 ,C 8 are given.
TABLE IX. Parameters of the analytic representation of the potential curve of state c 3 Σ + g . The energy reference is the 5s + 5p dissociation asymptote. Parameters with * are set for continuous extrapolation of the potential and those with * * are taken from [20, 35] . 
